ABSTRACT: Oligomer nanoparticles (OL NPs) have been considered unsuitable for solid-state lighting due to their low quantum yields and low temperature stability of their emission. Here, we address these problems by forming highly emissive and stable OL NPs solids to make them applicable in lighting. For this purpose, we incorporated OL NPs into sucrose matrix and then prepared their all-organic monoliths. We show that wrapping the OL NPs in sucrose significantly increases their quantum yield up to 44%, while the efficiency of their dispersion and direct solid-film remain only at ∼6%. We further showed ∼3-fold improved temperature stability of OL NP emission within these monoliths. Our experiments revealed that a physical passivation mechanism is responsible from these improvements. As a proofof-concept demonstration, we successfully employed these high-stability, high-efficiency monoliths as color converters on a blue LED chip. Considering the improved optical features, low cost, and simplicity of the presented methodology, we believe that this study holds great promise for a ubiquitous use of organic OL NPs in lighting and possibly in other photonic applications.
C onjugated polymers, which gain their semiconducting features from the delocalization of π-electrons along the polymer chain, 1 have attracted significant interest for numerous applications including light-emitting diodes (LEDs), 2−5 solar cells, 6−8 bioimaging, 9, 10 and sensing. 11 Their easy processability is the main factor making them highly attractive for the aforementioned applications. 12 Additionally, the structure of used monomers allows for tuning their absorption and emission spectra. Attaching various side groups further increases their functionality in terms of the applications. 1 A key acquisition of these conjugated polymers is the capability of their nanoparticle formation resulting in increased dispersibility in water, low toxicity, and reduced sensitivity of the optical features to environmental changes such as thin film formation. 13 However, the problem of significant decrease in the quantum yield (QY) after solution to nanoparticle (NP) and film transition, which is attributed to the aggregate-induced depopulation of the excitons, 14−17 still persists and strongly restricts the use of conjugated polymers in solid film.
Recently, conjugated oligomer-based nanoparticles have emerged as an alternative to the conjugated polymer nanoparticles. 18 Oligomer (OL) nanoparticles composed of smaller molecules with well-defined molecular weight compared to conjugated polymer nanoparticles allow for faster guest release, which is especially attractive for drug delivery applications. Furthermore, Fischer et al. reported a higher fluorescent quantum yield with comparable stability and molar absorptivity in comparison with conjugated polymer nanoparticles. 19 However, the related literature is still scarce despite the potential of this class of organic nanoparticles. Among the few studies is the work of Dang et al., which reports the synthesis and characterization of copper phthalocyanine oligomer nanoparticles. 20 In another study, Liu et al. employed conjugated oligomers to functionalize gold nanoparticles and studied their self-assembly as spherical particles. 21 And recently, we demonstrated the use of pH-sensitive orange-emitting conjugated oligomer nanoparticles as drug delivery agents on MCF7 and MDA-MB-231 breast cancer cell lines. 18 Nevertheless, these OL NPs could not yet be successfully implemented for solid-state lighting application. The main reason behind this has been the inability to obtain strongly emitting color-converting solid films. For example, spin-coating technique forms only very thin films, limiting the applicability of the nanoparticles as color converters on LEDs. Drop-casting, on the other hand, allows for the formation of thick films that might be suitable for color conversion; however, in this case, the resulting low quantum yields associated with the aggregation remain as the main bottleneck. In addition to these, their emission stability at elevated temperatures is prohibitively low. This problem has to be addressed for possible deployment in industrial use. This is because the light-emitting diode chips driven at high currents that optically excite the nanoparticles expose the nanoparticles to high temperatures. Previously, inorganic semiconductor nanocrystals were investigated using a salt matrix, 22−24 for which our group studied similar stability issues. 25, 26 However, to date OL NPs have never been investigated to remedy the critical problems of low quantum yield and low temperature stability. Currently, there exists no materials solution to make high-stability, highefficiency oligomer nanoparticles in solid form.
To address these challenges and achieve highly stable and emissive organic solids applicable to solid-state lighting, here we show the incorporation of oligomer nanoparticles into a host crystalline matrix and formation of high-efficiency and highstability all-organic monoliths from their powders. We observed that immobilizing these nanoparticles within a salt matrix does not help to improve their QYs. However, wrapping them in an appropriate organic crystal (in our case, sucrose) increases the QY to ∼7.5 times compared to their direct solid film without using a crystal host, also accompanied by a ∼3-fold improved temperature stability.
This approach brings the performance of the oligomer nanoparticles in solid state to comparable levels with that of inorganic emitters. We subsequently investigated the emission dynamics of the OL NPs integrated into the host crystal sucrose and attributed the efficiency increase to possible reversible noncovalent interactions between the organic nanoparticles and sucrose lattice. The achieved thickness, size, QY, and stability of the OL NP integrated sucrose monoliths make the oligomer nanoparticles suitable for solid-state lighting applications. With this motivation, we demonstrated a proof-of- concept LED employing OL NP monoliths as color converters on a blue LED chip. Considering the simplicity of our methodology along with the significantly improved QY, temperature stability, and low cost of the OL NP monoliths presented here, this approach makes the ubiquitous use of OL NPs achievable for solid-state lighting and possibly other photonic applications.
RESULTS AND DISCUSSION
Oligomer nanoparticles were prepared according to a recently reported procedure. 18 To investigate the effect of the incorporated conjugated OL NPs amount on QY, four different OL NPs embedded sucrose crystals were prepared by mixing the varying volumes (1, 2, 3, and 4 mL) of 1.3 mM aqueous dispersion of OL NPs with 2 mL of saturated sucrose solution (1.5 M). Crystals were allowed to grow slowly at room temperature over 10 d. Subsequently, the crystals were powdered by mechanical grinding and then transformed into their disc-shaped monoliths by applying a pressure of 5400 psi. As shown in Figure S1 , the QY is maximized in the sample immobilizing 3 mL of OL NP in crystal, powder, and monolith form. Therefore, here we mainly focus on 3 mL OL NP incorporating samples with the highest efficiency throughout the manuscript (unless otherwise stated). For this sample, we calculated the concentration of the oligomer nanoparticles to be 11.8 pmol in 1 mg of the crystals by redissolving the crystals in water and recording the absorption spectrum. The OL NP incorporating crystals were denoted as "OL NP crystal", the powders made from these crystals as "OL NP powder", and the monoliths prepared using these powders as "OL NP monoliths". The procedure of obtaining oligomer nanoparticles and the real color images of OL NP dispersion, crystal, powder and monolith are represented in Figure 1 .
The photoluminescence (PL) spectra of OL in tetrahydrofuran (THF) and their drop-casted films along with the PL spectra of OL NPs in water, their films, powders, and monoliths were measured and displayed in Figure 2 . The emission peak of the oligomer solution in THF (OL solution) was monitored at 576 nm, and this peak red-shifted in solid film and in nanoparticle aqueous dispersion to 596 nm (Figure 2a ), which we attribute to the nonradiative interaction between oligomer molecules in close proximity. When we compare the PL spectra (Figure 2b ), we observe that crystal, powder, and monolith emissions blue-shifted and became narrower compared to the OL NP dispersion and its film. Additionally, there is a more profound blue shift in powder and monolith compared to crystals.
We also measured the absorption spectra of the OL NP film, powder, and monolith. Our results presented in Figure S2 show no significant difference between the absorption capabilities of these materials except a slight increase in crystals, monoliths, and powders compared to OL NP film, which possibly stems from the increasing scattering of the excitation photons pumping OL NPs within sucrose matrix leading to improved absorption.
We next measured the QY of OL NP dispersion; its solidfilm; and crystal, powder, and monolith form of OL NP using the methodology reported in refs 25 and 27. The significance of QY differences was analyzed using a one-way ANOVA statistical test. As depicted in Figure 3b , the QYs of the OL NP dispersion and film turned out to be very similar and were calculated as 4.2 ± 0.7% and 6.1 ± 1.4%, respectively. After the crystallization of OL NP within the sucrose, the QY of the crystal (36.0 ± 1.7%) surprisingly increased by ∼6-fold compared to the nanoparticle film.
This significant increase in the QY clearly suggests that the sucrose molecules passivate the nonradiative transitions in the OL NPs. It is also possible that sucrose molecules separate the OL NPs, which in turn contributes to both a QY increase and blue-shifts, and narrows the emission spectrum. We also observed that powdering the crystals further increased the QY to 42.4 ± 1.0% and the QY of the OL NP monoliths were measured to be 43.5 ± 1.7%, which is ∼7.5 times that of the OL NP film. Since we do not expect any chemical interaction or additional passivation to occur during the powdering of crystals, we hypothesize that removal of unfavorable strain effects in the crystals contributed to the QY increase in powders as well as improved light outcoupling thanks to the scattering nature of powders. Because the roughness of the powder particles significantly decreases during the monolith formation, we expect that the scattering effects weaken and QY decreases in the monoliths. However, the QYs of powders and monoliths are still very similar, which suggests that it is mainly strain effects that influence QY increase more than scattering effect.
In our measurements, we observed that the QY increases are correlated with the blue shift of the emission peak (Figures S3 and S4) suggesting a passivation mechanism, which should also affect the fluorescence lifetime of the nanoparticles. To reveal these dynamics, we performed time-resolved fluorescence decay measurements. The calculated lifetimes presented in Figure 3c showed a clear increasing pattern similar to the QY measurements for all the samples indicating an inhibition of the nonradiative processes. We also performed time-resolved fluorescence decay measurements at reduced temperatures down to 50 K ( Figure S5a ). We observed that the lifetime of the OL NP film lengthens more (40.4% change) with decreasing temperature, while the lifetime of the OL NP monolith lengthens less (23.6% change) compared to the OL NP film. These results strongly suggest that temperature dependent nonradiative transitions such as diffusion of excitons may dominate in the OL NP film. In the OL NP monolith, however, those transitions seem to be suppressed and the nonradiative transitions with weaker temperature dependence prevail.
The QY data along with the steady-state PL spectra and time-resolved fluorescence decay measurements show that the optical features of the OL NPs are improved upon incorporation into sucrose. These changes might stem from physical or chemical interactions between the sucrose molecules and the incorporated OL NPs. To reveal the details regarding possible interactions, we compared the fluorescence lifetimes of the OL NP dispersion, OL NP in sucrose solution (without crystallization), and redissolved OL NP crystal, powder, and monolith in water. As represented in Figure  S5b , lifetimes of the redissolved crystal, powder, and monolith shorten and converge to the initial lifetime of OL NPs. Similarly, we observed a sharp decrease in the QY of the OL NP crystal, powder, and monolith toward the QYs of the OL NPs in the dispersion. Furthermore, we kept the OL NP sample in sucrose solution for 1 week and did not record any change in the lifetime and QY. Our attempts to detect any chemical interaction using Raman and X-ray photoelectron spectroscopies have failed due to the dominance of the sucrose signal. These findings suggest that reversible physical and/or possibly noncovalent interactions (such as hydrogen bonding) between the OL NPs and sucrose molecules may be the main causes of the observed changes in the optical features.
To understand the effect of the crystal structure on the QY of the OL NPs incorporated into sucrose, we quickly evaporated the solvent of the mixture consisting of saturated sucrose solution and the OL NP dispersion using a vacuum chamber and also using a lyophilizer ( Figure S6 ), then powdered these highly amorphous solids, formed their monoliths, and measured their QYs. We observed that the samples prepared using these fast evaporation techniques acquire similar QYs compared with the samples prepared by slowly evaporating the water (Table  S1 ). Therefore, we conclude that having a well-defined crystal structure does not play a significant role in achieving high QYs, while the passivation of nonradiative transitions in sucrose host may be the strongest reason for QY enhancement.
Since the improved temperature stability of the colorconverting emitters are of significant importance especially for the solid-state lighting, we studied the photoluminescence intensity change of the OL NP film and OL NP monolith at 65 and 130°C, which are carefully chosen for lighting applications (Figure 4 and Figure S7 ).
These temperatures were deliberately selected because we measured the temperature of the LED chip around the location, where the monolith is placed, around 65°C ( Figure S8 ) using an infrared camera. Moreover, the typical junction temperature of the InGaN/GaN-based LED chips is above 130°C. 28 In our emission stability tests, we heated the samples on a hot plate at these temperatures without interruption and recorded their PL intensities at different time points. As shown in Figure 4a , the OL NP film lost 45% of its initial PL intensity within 25 min at 65°C; on the other hand, the OL NP monolith lost only 7% of its PL intensity at the same time interval. After 5 h of exposure, OL NP film lost 69% of its PL intensity, whereas the monolith lost just 18% of its PL. The pattern was similar for the samples heated at 130°C (Figure 4b) . After a rapid decrease in the PL intensity, the decrease slowed down, and at the end of the test, OL NP film and OL NP monolith lost 91% and 72% of their initial PL intensities, respectively. According to these results, we conclude that OL NP monoliths showed improved stability compared to the OL NP film at both temperatures indicating the suitability of this material system for solid-state lighting applications.
Subsequent to optical characterizations, we carried out the morphological characterizations starting with the transmission electron microscopy (TEM) imaging of OL NPs. Contrast difference was provided by negative staining of the TEM sample and the images are presented in Figure 5a . As depicted in this figure, OL NPs exhibited well-dispersed spherical shapes with sizes of 56.6 ± 7.7 nm, which is also verified by dynamic light scattering (DLS) measurements to be 57.17 nm.
We also imaged the nanoparticles by using scanning electron microscopy (SEM) after etching some portion of the particle with focused-ion beam (FIB) (Figure 5b,c) . We first etched nanoparticles with the size of 56.6 nm, which are used in the crystallization processes. However, FIB exposure etched the whole nanoparticle due to the small size that they have; therefore, we needed larger nanoparticles. For this purpose, we used two larger OL NPs with the sizes of >500 and 98 nm for imaging. Figure 5b shows the SEM image of OL NP (>500 nm) on a silicon wafer, which was etched in half using FIB. We subsequently imaged smaller OL NPs (with the diameter of 98 nm) to be more correlated with our experiments (Figure 5c ). In this case, however, the small sized nanoparticles did not survive after FIB etching. Therefore, we took images from an aggregated area (Figure 5c , inset) where we observed flu filamentous structures with very low contrast in the center of the particle indicating the micelle-like structure of the nanoparticle. We believe that these structures allow for the penetration of the sucrose molecules between the oligomer molecules and help in the passivation of the nonradiative transitions during the crystallization, which in turn helps increasing the QY. In addition to these images, we also attempted to take the TEM images of the OL NPs in the sucrose matrix by following the technique presented in ref 29 ; however, no contrast could be observed between the organic nanoparticles and the host medium.
After the nanoparticles were imaged, we further characterized the crystal structure of OL NP crystals, OL NP powders, and the OL NP monoliths using X-ray diffraction spectroscopy (XRD) ( Figure S9 ). The crystal structure of sucrose was identified as monoclinic (JCPDS#24-1977). As shown in Figure  S9 , OL NP crystals have prominent peaks at 11.6°, 16.7°, 22.5°, 25.2°, and 38.3°, which are in line with the literature showing the crystal structure of sucrose. 29 We found out that powdering the crystals increases the polycrystalline character with dominant XRD signal occurring at 22.5°. Furthermore, no significant change in the XRD signal was observed after the formation of monoliths under high pressure. Thus, we conclude that this level of pressure expectedly did not change the crystal structure of OL NP powders in parallel with our observations of insignificant QY and lifetime changes upon monolith formation.
Considering the low QYs of the organic nanoparticle solid films, especially at high particle densities required for solid-state lighting applications, the methodology that we present here makes these nanoparticles suitable color converters for solidstate lighting. With this motivation, we employed these OL NP monoliths as color converters on a high power blue LED emitting at 460 nm to obtain a proof-of-concept LED. The spectrum of the resulting OL NP monolith integrated LED is presented in Figure 6 .
On the basis of this data, we calculated the chromaticity coordinates and correlated color temperatures (CCTs) of the emission to characterize the shade of the white emission. Results show that the generated white light has a warm white color up to 80 mA as indicated by the color coordinates around (0.37, 0.29) and CCTs ∼3200−3700 K ( Figure S10 ). After this current level, however, the emission from the blue LED chip becomes significantly strong making the appearance of the emitted light bluish as also shown by the chromaticity coordinates around (0.20, 0.15) and CCTs of ∼30 000 K. We also evaluated the color rendition performance of the LED by calculating the color quality scale (CQS) ( Figure S11 ). The resulting CQS values around 70 at low current ranges indicate that this white LED exhibits mediocre color rendition capability. We later calculated the luminous efficiency of the LED to be in the range of 15−20 lm/W elect . The luminous efficacy of optical radiation (LER) values of this LED escalate around 250 lm/W opt at low current levels indicating a small overlap of the emission spectrum with the human eye sensitivity function. This LER performance, however, can be improved if the narrow emitting nanoparticles with PL peaks close to 550 nm are employed.
CONCLUSION
In this study, we report the incorporation of oligomer nanoparticles into an organic host to obtain highly efficient and highly stable fully organic color-converting monoliths suitable for solid-state lighting. In this presented approach, sucrose is used to wrap oligomer nanoparticles, and the powders of their crystals are employed to form monolith. The fluorescence quantum yields of the resulting solid monoliths reached 43.5%, while those of their direct solid film remained only at 6.1%. Furthermore, we showed that these oligomer nanoparticle monoliths improve the temperature stability of the oligomer nanoparticle emission by ∼3-fold compared to the bare oligomer nanoparticle solid-film. We believe that the considerably increased quantum yield and temperature stability of the oligomer emission within monoliths, in addition to the low cost and simplicity of the preparation method presented here, will provide opportunities to deploy oligomer nanoparticles in solid-state lighting and possibly other photonic applications.
EXPERIMENTAL SECTION
Chemicals. All chemicals and solvents to synthesize OL and OL NPs were purchased from Sigma-Aldrich Chemical Co. (Germany). Sucrose was also obtained from Sigma-Aldrich Chemical Co.
Synthesis of 3,3′,3″,3‴-{[(1E,1′E)-2,1,3-Benzothia-diazole-4,7-diylbis(ethene-2,1-diyl)]-bis(9H-fluorene-9,9,2-triyl)}-tetrakis(N,N-dimethylpropan-1-amine) Oligomer Nanoparticles. Before OL NP preparation, oligomer was synthesized according to the procedure reported by Pennakalathil et al. 18 To convert the OL into nanoparticles, 10 mg of oligomer was dissolved in 10 mL of THF and the resulting solution was filtered through 0.45 μm syringe filter. One milliliter of this OL solution was injected into 20 mL of deionized water slowly under sonication. After 30 min sonication, THF was removed under reduced pressure at room temperature via rotary evaporator.
Dynamic Light Scattering (DLS) Measurements. Hydrodynamic size of OL NPs was measured using Malvern Nano-ZS Zetasizer. Size distribution of number was reported as the average diameter.
Preparation of Crystals, Monoliths, and Films. Sucrose stock solution used in this study was prepared by dissolving sucrose (260 g) in 500 mL of Milli-Q water. For the crystallization, 1, 2, 3, and 4 mL of OL NP solution (0.11 mg/mL) was mixed with the 2 mL of saturated sucrose stock solution. Water of the mixtures was evaporated on a vibration minimizing pad purchased from Sorbothane at room temperature. After a few days of drying, formation of macrocrystals was completed (OL NP crystals).
To obtain OL NP powders, these crystals were mechanically powdered using a mortar. OL NP monoliths for all concentrations were prepared by applying pressure. Briefly, ∼80 mg of OL NP powders was placed between two stainless steel disks and a pressure of 5400 psi was applied using a hydraulic press for 5 min at room temperature. The thickness and size of the monoliths were measured as 0.5 and 13.0 mm, respectively. For comparison, films of OL solution in THF and OL NP solution in double distilled water (ddH 2 O) were prepared by dropping 100 μL of these solutions onto a glass substrate and dried at room temperature.
Transmission Electron Microscopy (TEM). Morphological structure of the OL NPs was investigated using a FEI Tecnai G2 F30 transmission electron microscope. Sample for imaging was prepared by dropping 2 μL of stock OL NP solution on a 200 mesh copper grid and staining with uranyl acetate (2%, w/v) for 1 min.
Focused Ion Beam Scannıng Electron Microscopy (FIB-SEM). Oligomer nanoparticle cross-sectional images were taken using FEI NanoSEM dual beam system. OL NPs with the different diameters were spin coated onto a silicon wafer. Prior to imaging, protective platinum layer was coated with electron beam and ion beam, respectively. Careful ion etching was performed at low ion currents, and cross-sectional images were obtained after etching.
X-ray Diffraction Spectroscopy (XRD). Crystal structures of OL NP crystal, powder, and monolith were investigated using a Panalytical X'pert Pro Multipurpose X-ray Diffractometer operated at 45 kV and 20 mA with Cu Kα radiation and a diffracted beam monochromator. XRD spectra were obtained between 10°and 60°of the 2θ angle with a step size of 0.01°.
Photoluminescence (PL) and Quantum Yield (QY) Measurements. PL spectra of varying forms of OL and OL NPs were taken using an Ocean Optics Maya 2000 spectrometer equipped with an integrating sphere, a xenon lamp, and a monochromator at an excitation wavelength of 400 nm. QY of solutions, films, and OL NPs in crystal, powder, and monolith forms were obtained using the method described elsewhere. 25, 27 Statistical analyses were performed using GraphPad Prism 5, and one-way ANOVA and Tukey's multiple comparisons post-tests were employed to determine the statistical difference in quantum efficiencies.
Lifetime and Temperature Dependent Lifetime Measurements. Time-resolved fluorescence decays of the OL NP dispersion, drop-casted film, crystals, powders, and monoliths were acquired by using a PicoHarp 200 time-resolved single photon counting system (PicoQuant). The time-resolved photon count decay curves were recorded at the wavelengths where the emission maxima were observed in the PL measurements. Amplitude-averaged lifetimes were extracted by exponential reconvolution method using the FluoFit software. Temperature dependent lifetime of OL NP film and OL NP monolith were measured at 50, 100, 150, 200, 250, and 300 K using the same setup.
LED Preparation. The OL NP monoliths were directly placed on an Avago ASMT blue LED. The luminance was recorded under varying current flows between 10 and 350 mA using an Ocean Optics integrating sphere and spectrometer. Colorimetric and photometric characterizations were carried out employing in-house written codes.
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